Chloroperoxidase from Caldariomyces fumago catalyzes the selective oxidation of furfuryl alcohols in an Achmatowicz-type ring expansion. In combination with glucose oxidase as oxygen-activating biocatalyst, a purely enzymatic, aerobic protocol for the synthesis of 6-hydroxypyranone building blocks is obtained. Thanks to an only modest stereochemical bias of the oxygenating heme protein, optically active alcohols of either configuration are converted without a significant mismatch opening up opportunities for enantioselective multienzymatic cascades. Balancing the oxidase-driven aerobic activation, extended enzyme half-lifes and productive conversion of poorly soluble and slowly reacting substrates can be achieved with high yields of the six-membered O-heterocycles.
Introduction
Over the past decades, the Achmatowicz-type ring expansion [1] the oxidative conversion of -heterosubstituted furfuryl derivatives to six-membered O-or N-heterocyclic building blocks -has become a valuable tool in modern synthetic organic chemistry. [2] [3] [4] [5] Both the easy access to suitable heteroaromatic Achmatowicz substrates as well as the broad range of follow-up chemistry offered by the pyranone or piperidinone products make this transformation an attractive instrument in the synthesis of complex natural products and biologically active agents. While the original procedures by Achmatowicz [1, 6] and Lefebvre [7] still relied on the use of stoichiometric oxidants such as bromine or metachloroperbenzoic acid, over the years multiple powerful variations based on e.g. metal catalysis, photoactivation and electrochemistry have been brought forward providing additional selectivities and broader applicability. [8] In light of milder and environmentally more benign approaches towards the oxidative ring rearrangement of the furfuryl derivatives, recently the use of enzymes as biological catalyst has been brought into the focus (Scheme 1). Here, both the groups of Beifuss, [9] and of Rutjes and Hollmann [10] have been successful in the development of bioinduced protocols relying on the biocatalytic generation of diffusible oxidizing species from the interaction of an oxidoreductase with a suitable redox mediator. In the first enzyme-driven report, laccases in combination with TEMPObased redox moderators act as catalytic principle in an aerobic ring expansion to give substituted pyranones utilizing air as terminal oxidant. Similarly to the original Br2-based method by Achmatowicz, halonium species generated by the catalytic conversion of hydrogen peroxide as terminal oxidant and bromide through a vanadium-dependent haloperoxidase promote the oxidative furan cleavage that ultimately leads to the sixmembered heterocycles and its efficacy has been demonstrated for the synthesis of both pyranones and piperidinones. In addition to these mediated processes, in 2014 our group established a novel protocol exploiting the oxygenating properties of hemedependent peroxidases in order to catalyze Achmatowicz-type reactions in a truly biocatalytic manner exploiting a direct proteinfuran interaction. [11] In combination with an oxidase and a cheap sacrificial reductant such as sugars or alcohols for the controlled in situ generation of hydrogen peroxide, the aerobic rearrangement of furfuryl alcohols is achieved. [12] Scheme 1. Biocatalytic approaches for the oxidative ring expansion of furfuryl alcohols.
In this paper, we disclose the results of an in-depth study on the initial development and the improvement of an enzyme-catalyzed Achmatowicz protocol based on chloroperoxidase from Caldariomyces fumago, including stereochemical investigations on the enantioselectivity of the heme protein and an extended substrate scope analysis. Additionally, a mediated protocol exploiting biocatalytically generated peracetic acid is presented as alternative to overcome the current structural limitations of the wild-type chloroperoxidase. 
Results and Discussion

Methodological Studies
Our study towards an enzyme-catalyzed version of the well established Achmatowicz rearrangement commenced with the identification of biological systems that would resemble the key step in the transformation, that is, the oxygenative cleavage of furans to form ketoenal intermediates (Scheme 1). [13] Here, investigations on the in vivo degradation of furans by cytochrome P450 monooxygenases indicated that heme-dependent oxygenation biocatalysts might provide the required reactivity to be utilized in the title reaction. [14, 15] As relatively cheap commercial alternative to the P450s, we envisaged that heme peroxidases could potentially serve this purpose, and initial studies aimed to elucidate the oxygenating abilities of a set of peroxidases with regard to the conversion of 1-furylethanol (1a). Owing to structural differences in the active site, particularly the nature of the axial heme ligand, only a few peroxidases actually behave in a cytochrome P450-like manner and hence, [16, 17] it was no surprise that classical peroxidases such as soybean-, horseradish-or lactoperoxidase, fueled by a glucose/glucose oxidase H2O2 production system, [18] did not exhibit major activity in the oxidation of 1a and only in the case of horseradish peroxidase, traces of the desired pyranone 2a were detected after 24 h (Scheme 2). On the other hand, employing the same oxidase-based H2O2 delivery tool but changing the peroxidase to a chloroperoxidase from Caldariomyces fumago (CPO) that acts as peroxidase-P450 functional hybrid, [19, 20] almost full conversion was observed already after 3 h with a significant amount of 2a (51%) being Scheme 2. Peroxidase and oxidase screening formed. Considering the structural similarities between the sugar substrate of the glucose oxidase and the Achmatowicz pyranones, it was first assumed that oxidase activity on the initially formed lactol 2a might attribute to the discrepancy of conversion and yields under the non-optimized reaction conditions. However, spectroscopic analysis of the crude reaction mixtures did not show any traces of the 2a-derived lactone as side product. Also, a photospectrometric oxidase assay coincubating 2a and glucose oxidase (with horseradish peroxidase and ABTS as reporter) remained silent, thus ruling out any undesired cross-reactivity between the sugar oxidase and the sugar-like hydroxypyranone products. Nevertheless, also other oxidase/reductant systems were tested and while both leucine/amino acid oxidase and methanol/alcohol oxidase did not match the outcome of the glucose oxidase-driven protocol, modification of oxidase loading or the reaction environment might give rise to productive Achmatowicz systems in those cases as well. Yet, considering the generally low cost of both glucose and the glucose oxidase (GOx), subsequent optimization studies were pursued on this most successful initial screening hit. Variation of the pH of the reaction medium (aqueous citrate or phosphate buffers) revealed a rather wide plateau between 4.5 and 6.5 with greater 90% conversion of 1a with 2 h, and a sharp loss of oxygenating power at neutral pH (Figure 1a, left) . In the context of pH optimization, it is important to pay attention not only to the enzyme activity but also to the stability of the reaction substrates, in particular with regard to their stereochemical integrity. Therefore, enantiomerically pure (R)-1a was also incubated in absence of any biocatalyst for 24 h after which the optical activity of the recovered starting material was determined. Clearly, due to the benzylic situation of the alcohol, racemization can become an issue at pH values less than 5.5 where slow epimerization is taking place (Figure 1a, right) . Consequently, the optimal operation window for the CPO-mediated ring expansion of furfuryl alcohols can be set to pH 5.5 -6.5.
Next, the influence of cosolvents was addressed in order to identify suitable solubilizing additives enabling high concentrations of the more or less lipophilic furfuryl substrates (Figure 1b) . To our delight, addition of 10% tert-butanol to the reaction medium did not affect the enzymes' activity and full conversion of 1a was achieved after 3 h. Yet, in contrast to the purely aqueous medium, pyranone 2a was isolated in greatly improved 82% yield after reaction in the buffer/tBuOH mixture, an effect that could be later attributed to the improved stability of Achmatowicz-type pyranones in the medium (pure buffer: t1/2 (2a) = 11.9 h; buffer/tBuOH: t1/2 (2a) = 40.7 h). In this medium, the reaction could also be significantly scaled to a total of 50 mmol of 1a at increased concentration (50 mM) and reduced CPO loading (200 U/mmol) with a yield of 76%. Acetone as cosolvent exhibited a similar effect although the activity was slightly reduced, reaching conversion levels >90% only after 6 h. Addition of DMSO or acetonitrile on the other hand resulted in modest inhibition of the reaction and in biphasic reaction media such as buffer/heptane mixtures, no reaction was observed. 
Stereochemical Investigations
With an effective biocatalytic Achmatowicz system in hand, next the stereoselectivity of the chloroperoxidase towards different kinds of furans was studied. Starting from racemic 1-(2-furyl)alkanols with varying chain length, branching, and functionalization patterns, the extent of enantiodiscrimination in kinetic resolutions of the furans was recorded at low conversion rates (Table 1) . In all cases, the tested furan were transformed to the corresponding ring expanded heterocycles and a certain enantioenrichment of the remaining alcohols was observed. Yet the enantioselectivity E (k(R) vs k(S)) proved to be mediocre at best. Moreover, there was no obvious trend with regard to steric bias of the side chain as both the slim methyl-substituted furfuryl alcohol 1a as well as the bulky tert-butyl derivative 1h exhibited E values of less than 3 ( Table 1 , entry 1 & 8). The most effective kinetic resolution took place with the homoallylic alcohol 1e but with relative rates of approximately 10:1 favoring the conversion of the (R)-enantiomer (Table 1 , entry 5), synthetically useful optical purities remain elusive. Hence, the production of enantioenriched pyranones by enzymatic resolution must be considered unpractical unless further optimization of the biocatalyst by directed evolution could deliver more specific chloroperoxidase variants. Table 1 . Enantiodiscrimination in the oxidative conversion of racemic furfuryl alcohols.
Entry [a] R conversion
ee (1) Conversions and optical purities determined by chiral gas chromatography using bromobenzene as internal standard.
[c] Enantioselectivities calculated according to Sih et al. [21] 
Substrate Scope and Limitations
On the other hand, the lack of substantial enantiodiscrimination by the chloroperoxidase can also be seen as a positive feature of the biocatalytic method since limitations to certain stereoisomers due to matched/mismatched situations become less likely. Considering the general disadvantage of kinetic resolution approaches to be yield-limited to a maximum of 50% of optically pure material, alternative pathways to address enantioenriched pyranone products by combining the stereoselective synthesis of furfuryl alcohols with the subsequent aerobic rearrangement appear highly attractive. In particular, the ketoreductase-mediated alcohol synthesis by reduction of the
corresponding furyl ketones opens up great opportunities for an effective, fully enzymatic route to these synthetically valuable building blocks. Based on a previously reported method utilizing two commercial alcohol dehydrogenases (ADH200 & ADH 030 from evoCatal) as asymmetric reduction catalyst, [11] a set of optically active furylcarbinols was prepared and tested under the optimized conditions for the Achmatowicz-type ring expansion (Table 2) . Gratifyingly, both antipodes of the model substrate 1a were converted smoothly and the enantiomeric pyranones (R)-2a and (S)-2a were not only isolated in high yields but also with complete conservation of the stereogenic information ( Table 2 , entry 1 & 2). Also the homologues (R)-2b and (R)-2c could be obtained in reasonable yields (Table 2 , entry 3 & 4), and notably, further improvement of optical purity was observed starting from just moderately enantioenriched 1c (from 95% ee to 98% ee of 2c). Moreover, the CPO-mediated procedure exhibited a high functional group tolerance, not only accepting ester-or chlorosubstituted furylcarbinols (Table 2 , entry 6 & 7) but more importantly, providing selectivity in the furan oxidation in presence of oxidation-labile moieties such as olefins and primary alcohols (Table 2 , entry 5 & 8). The propargylic alcohol 1m, however, could not be transformed to the corresponding pyranone. Subsequent coincubation studies with 1a revealed that 1m, and other alkyne additives, exhibit inhibitory properties on the CPO-catalyzed reaction. The core-substituted alcohol 1n on the other hand did not affect the conversion of other substrates in a negative way, yet, also here the CPO/GOx system failed to provide the 2,6-dimethylpyranone 2n.
Despite the mostly convincing yields, optical purities and the good functional group tolerance of the CPO-catalyzed Achmatowicz protocol, the stereochemical investigations and substrate scope studies also revealed some issues related to conversion rates of highly lipophilic long-chain or branched aliphatic furylalkanols in particular. Hereby, the decline in reaction rates, and consequently in product yields, follows a very clear trend along the homologous series from the rapidly reacting furylethanol (1a) to the virtually non-reactive furylheptanol (1q) (Scheme 3). Likewise, incorporation of branched aliphatics results in severely diminished pyranone yields ranging from mediocre 34% for the isopropyl derivative (2f) to only trace amounts of the butyl derivatives 2g and 2h. While unfavorable sterics might be a reason for this effect, the observation that the similarly bulky ester-functionalized substrate 1j performed well in the CPOmediated ring expansion points towards a different explanation where the poor solubility of substrates such as 1g or 1q in the aqueous medium could account for their sluggish conversion. Unfortunately, increased concentrations of tBuOH, that would improve the solubility of lipophilic substrates in the reaction mixture, in turn resulted in rapid enzyme inhibition. Thus, further studies targeting suitable solubilizing additives seem to be necessary as one option to widen the scope of the reaction to long-chain furylcarbinols. In addition to solubility issues, with a low rate of conversion of the sterically more biased, challenging furfuryl alcohol substrates by the chloroperoxidase, apparently the accumulation of hydrogen peroxide produced by the glucose oxidase at constant rates might become an issue as bleaching of the heme protein at high concentrations of H2O2 could account for an enzyme inhibition and the low overall turnover to the desired pyranones. [22, 23] In order to investigate this hypothesis, furan 1f was incubated with the CPO/GOx enzyme mix, with the amount of oxidase relative to the peroxidase (units of GOx vs units of CPO) being systematically reduced (Scheme 4). The comparison between conversion values after 3 h and 24 h indicates how strongly the biocatalytic system is impaired by the different rates of H2O2 production. At high peroxide generation rates (GOx/CPO > 1), the peroxidase obviously suffers a rapid deactivation resulting in low consumption of 1f. Since no additional turnover is observed between the first and second measurements, it can be assumed that complete CPO inhibition is taking place within the first three hours. By lowering the oxidase loading, significantly higher conversions up to greater 90% are achieved and the lifetime of the peroxidase is considerably improved. Even at a 100-fold reduction of the GOx, oxidation of the furfuryl alcohol proceeds slowly and after 24 h, 84 % conversion is reached. A subtle balancing of the oxygen-activating and the oxygen-transfer biocatalyst should thus allow for productive enzymatic Achmatowicz rearrangements even of slowly reacting furfuryl substrates.
Scheme 4.
Balancing of oxidase and peroxidase activity.
The modified CPO-based Achmatowicz system was subsequently tested on a set of particularly challenging furans that exhibited very low yields under the originally applied conditions (Scheme 5). On a preparative scale, the yields of both the isopropyl-(2f) and the isobutyl-substituted (2g) pyranone were significantly increased by exploiting an aerobic ring expansion protocol that was rate-limited by the reduced GOx loading (GOx/CPO = 0.03). Utilizing enantioenriched 1f (97% ee), the desired pyranone was obtained in optically pure form, clearly indicating that despite the extended reaction times, racemization of the furfuryl alcohols is not an issue. Notably, under identical conditions, also highly problematic substrates such as the tertiary alcohol 1r or the core-substituted 3-methylfurfuryl alcohol 1s were oxidatively converted to the corresponding pyranones 2r and 2s, respectively, achieving moderate to very high yields after a reaction time of 18 h. 
Alternative Systems
While the peroxidase/oxidase system for the biocatalytic ring expansion of furanols proved to be effective for a wide range of substrates with little to no bias towards existing stereogenic elements, the structural limitation regarding chain length and furan core substitution prompted us to reconsider alternative systems that would be independent on a productive active site binding of the furans. Here, the original protocol by Lefebvre utilizing peracids as oxidant for the rearrangement [5] reaction served as the template for an enzyme cascade design providing a pathway for the catalytic generation of peracetic acid as diffusible redox mediator. Replacement of the peroxidase biocatalyst by a lipase (from Candida antarctica type B) rendered a system where glucose oxidase provided hydrogen peroxide to be used by the lipase to catalyze the perhydrolysis of acetic acid (from an acidic acetate buffer, pH 4.5). [11] To our delight, 1-(5-methylfuryl)ethanol (1n), previously not affected by the peroxidase/oxidase treatment, was converted smoothly under these modified conditions and gave rise to the desired 2,6-dimethylpyranone 2n in moderate yield (Scheme 6).
Scheme 6. Aerobic ring expansion of the core-substituted furan 1x by a oxidase/lipase couple.
Considering the relatively long reaction times and an unfavorable pH profile of the aqueous perhydrolysis approach with regard to furanol racemization issues, we envisaged that the unique ability of lipases to perform in non-aqueous reaction media might be of benefit in the further optimization process. Moving away from an aerobic protocol based on the oxidase-mediated activation of aerial oxygen, the robustness of the hydrolase enzyme towards both high H2O2 concentrations and organic solvents was expected to give rise to a simplified system. Consequently, immobilized C. antarctica lipase B was used in ethyl acetate providing good solubility for all tested furfuryl alcohols. Upon addition of aqueous hydrogen peroxide, the perhydrolysis activity of the lipase delivered the required peracid and smooth conversion to the desired pyranones was observed (Scheme 7a). Moderate to mainly good yields were achieved for a series of furan substrates that proved to be inert to the chloroperoxidase methodology. [24] In addition, the use of a peracetic acid mediator system also allowed for a productive azaAchmatowicz rearrangement of the furyl carbamate 3 giving rise to piperidinone 4 in 65% yield (Scheme 7b).
Scheme 7.
Lipase-mediated oxa-and aza-Achmatowicz-type ring expansions.
Conclusions
In summary, the commercial chloroperoxidase from Caldariomyces fumago exhibits high activity and a broad substrate scope in the oxidative ring expansion of furfuryl alcohols. heme protein, optically active substrates can be converted to the corresponding enantioenriched pyranones with high effectivity independent on their sense of chirality. An H2O2 generation system based on glucose and glucose oxidase allows for an accurate fine tuning of the aerobic protocol in order to adapt to the efficacy of the heme enzyme on different furan derivatives providing full conversions and high yields even for very slowly reacting substrates.
Experimental Section
Commercially available reagents were used without further purification. Furfuryl alcohols and furyl carbamates were synthesized as previously described. [11, 24] Catalysts and cofactors General procedure for the chloroperoxidase-mediated oxidative ring expansion: In a 100 mL round bottom flask, the furylcarbinol (10 mM, 0.5 mmol) was dissolved in a mixture of citrate buffer (45 mL, 100 mM, pH 5.5) and tert-butanol (5 mL). After addition of chloroperoxidase (500 U), glucose oxidase (500 U) and D-glucose (50 mM), the solution was incubated at 30 °C (200 rpm) for 120 -180 min. L-Methionine (250 mg) was added and the reaction mixture was extracted with ethyl acetate (3 x 15 mL). The combined organic layers were dried over MgSO4, evaporated under reduced pressure and the pyranone was obtained after column chromatographic purification (SiO2, hexanes/ethyl acetate) as mixture of inseparable diastereomers. General procedure for the oxidase-limited modification of the biocatalytic Achmatowicz reaction: The furylcarbinol (0.2 mmol) was dissolved in tert-Butanol (2 mL) and the solution was added to a mixture of chloroperoxidase (200 U), glucose oxidase (6 U) in citrate buffer (18 mL, 100 mM, pH 6.0). After addition of D-glucose (50 mM), the reaction mixture was incubated at 30 °C (200 rpm) overnight. L-Methionine (250 mg) was added and the reaction mixture was extracted with ethyl acetate (3 x 5 mL). The combined organic layers were dried over MgSO4, evaporated under reduced pressure and the pyranone was obtained after purification by column chromatography (SiO2, hexanes/ethyl acetate). 
6-Hydroxy
6-Hydroxy-2-isopropyl-2H-pyran-3(6H)-one (2f):
